Optical spectroscopic properties of Tm 3ϩ -doped 60TeO 2 Ϫ10GeO 2 Ϫ10K 2 OϪ10Li 2 O Ϫ10Nb 2 O 5 glass are reported. The absorption spectra were obtained and radiative parameters were determined using the Judd-Ofelt theory. Characteristics of excited states were studied in two sets of experiments. Excitation at 360 nm originates a relatively narrow band emission at 450 nm attributed to transition 1 D 2 → 3 F 4 of the Tm 3ϩ ion with photon energy larger than the band-gap energy of the glass matrix. Excitation at 655 nm originates a frequency upconverted emission at 450 nm ( 1 D 2 → 3 F 4 ) and emission at 790 nm ( 3 H 4 → 3 H 6 ). The radiative lifetimes of levels 1 D 2 and 3 H 4 were measured and the differences between their experimental values and the theoretical predictions are understood as due to the contribution of energy transfer among Tm 3ϩ ions.
I. INTRODUCTION
Tellurium-oxide glasses ͑TG͒ have been intensively investigated because of their special properties such as the large resistance against devitrification, the possibility to incorporate a large amount of rare-earth ͑RE͒ dopants and the high refractive index, which allow their utilization as nonlinear optical materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] An important characteristic of these materials is the relatively low cutoff phonon energy compared with other oxide glasses such as silicate or phosphate glasses. This property has motivated a large number of experiments dedicated to the study of the optical properties of TG doped with RE ions, and thus these glasses are revealed to be strong candidates for uses in photonic devices. Much attention was given particularly to Tm 3ϩ -doped TG because of the possibility of producing blue laser radiation pumping in the infrared and optical amplification. [9] [10] [11] In previous works, TG were chosen as a host to study energy transfer processes between RE ions in doubly and triply doped samples. 4, [12] [13] [14] [15] [16] In this work, we present spectroscopic properties of Tm 3ϩ ion in alkali niobium tellurite glasses. This glass composition has been presented recently. 3 The addition of alkali and niobium oxides in the TG increases the rigidity of the vitreous network and shifts the characteristic temperatures to higher values. Raman scattering, differential scanning calorimetry, and optical spectroscopy of Nd 3ϩ -doped samples were reported. Very large emission cross sections for Nd 3ϩ transitions in comparison with other oxide glasses were measured, which indicates that this glass can be used for optical amplification. Efficient frequency upconversion ͑UC͒ emission in Tm 3ϩ /Yb 3ϩ codoped samples excited at 1064 nm has been reported. 4 High brightness emission around 800 nm was recorded besides weaker emissions in the blue and red. Studies of blue cooperative luminescence in Yb 3ϩ -doped TG excited in the infrared was reported 5 and the contribution of optical phonons for the process was exploited to obtain enhancement of the upconversion process. More recently, large upconversion enhancement due to Tm 3ϩ was observed in samples codoped with Nd 3ϩ . 6 In the present work with singly doped Tm 3ϩ samples, the absorption spectra were used to determine the oscillator strengths of each transition and to obtain parameters such as transition probabilities, branching ratios, and excited states radiative lifetimes. The samples were excited in the ultraviolet and in the red. UC blue fluorescence and infrared emission were observed when red light was used for excitation. The fluorescence bands were investigated as well as the mechanisms involved in their emissions. Excited state lifetimes were compared to radiative lifetimes theoretically dea͒ Author to whom correspondence should be addressed; electronic mail: cid@df.ufpe.br termined and the differences observed, due to nonradiative relaxation processes, were analyzed.
II. EXPERIMENT
Samples with mol % compositions of (60Ϫx)TeO 2 Ϫ10GeO 2 Ϫ10K 2 OϪ10Li 2 OϪ10Nb 2 O 5 ϪxTm 2 O 3 were prepared through appropriate mixtures of reagent-grade TeO 2 , Nb 2 O 5 , Li 2 CO 3 , K 2 CO 3 , GeO 2 , and Tm 2 O 3 . The reagents were melted in gold crucibles for 30 min at approximately 800°C in air. Liquids were quenched to room temperature in steel molds and annealing treatments were performed at temperatures near the glass transition temperature for 2 h and then cooled slowly at room temperature. Large quantities of RE ions could be incorporated in the samples which still present a good thermal stability, i.e., a high resistance against devitrification. The samples studied have the following concentrations in mol % of Tm 3ϩ :ET (xϭ0); ET2 (xϭ0.2); ET4 (xϭ0.4); ET6 (xϭ0.6); ET8 (xϭ0.8); ET10 (xϭ1.0); ET15 (xϭ1.5); ET20 (xϭ2.0). They are stable against atmospheric moisture and samples with dimensions of several millimeters could be prepared.
The absorption spectra in the 300-3000 nm range were obtained using a double beam spectrophotometer. Fluorescence experiments with excitation at 360 nm was done using a spectrofluorimeter equipped with a xenon lamp of 450 W. For excitation in the 608 -690 nm range, a Nd:YAG pumped dye laser ͑pulses of Ϸ10 ns) with DCM dissolved in DMSO ͑dimethyl sulfoxide͒ as the active medium was used. The fluorescence emission was dispersed using a 0.50 m spectrometer, with a resolution of 5 Å, coupled to a photomultiplier. The signals were recorded using a digital storage oscilloscope connected to a computer. All data were taken at room temperature.
III. RESULTS AND DISCUSSION
The absorption bands observed from the near-ultraviolet to the near-infrared spectra of RE-doped glasses are usually due to 4 f Ϫ4 f transitions and these absorptions are mainly associated with induced electric dipole transitions.
1,2 The oscillator strength P of each absorption band can be expressed as
where m is the electron mass, c the speed of the light, N is the number of ions in a unit volume, e the electron charge, n is the refractive index of the sample, and ͐(v)dv is the integrated absorption coefficient. The local field factor for electric dipole transitions is given by ϭ(n 2 ϩ2) 2 /9n. The value of ͐(v)dv for each absorption band can be determined from the absorption spectrum.
The oscillator strength for a given transition between two multiplets J and JЈ can be calculated using the JuddOfelt ͑JO͒ theory 17, 18 and is given by
where is the mean frequency between the two multiplets ͑in cm Ϫ1 ), U (ϭ2, 4, 6) are unit tensor operators of rank , and ⍀ are the JO intensity parameters. The terms ͗aJʈU ʈbJЈ͘ are the reduced matrix elements. 19 Equation ͑1͒ allows us to obtain the P value for each transition and these values can be used in Eq. ͑2͒ to determine the JO intensity parameters. The spontaneous radiative emission probability between J and JЈ levels for electric dipole transitions is given by
The radiative lifetime of an excited state is calculated by R ϭ(⌺ J Ј A JJ Ј ) Ϫ1 , and the branching ratio corresponding to the emission from level J to JЈ is given by ␤ JJ Ј ϭA JJ Ј R . We also used the energy-gap law 20 to estimate the multiphonon relaxation rate in our samples. Figure 1 shows the absorption spectrum corresponding to transitions from the ground state 3 H 6 of the Tm 3ϩ ion to their excited states associated to the 4 f 11 configuration in sample ET6. The oscillator strengths were determined from this spectrum. The obtained experimental and theoretical values of P as well as the JO parameters are presented in Table  I . Changes were not observed in the line shape or in the positions of the absorption bands for different Tm 3ϩ concentrations. An absorption band corresponding to the 3 H 6 → 1 D 2 transition does not appear in this spectrum because the energy of the 1 D 2 level is higher than the band-gap energy of the TG. However, its energy was determined performing an experiment where fluorescence in the blue region was investigated exciting the samples in the ultraviolet region as described below. Radiative transition probabilities, branching ratios, and excited state lifetimes of all levels were determined using the JO theory and the results are presented in Table II . The errors in the calculated values were estimated as Ϸ15%. Figure 2 shows the excitation spectrum of the emission at 454 nm, which was attributed to the 1 D 2 → 3 F 4 transition of the Tm 3ϩ ion. A clear enhancement is observed when the excitation wavelength is Ϸ360 nm, indicating the energy of 27 778 cm Ϫ1 for level 1 D 2 . It is important to note that for this excitation condition this is the only emission observed in the visible spectrum. This result is in good agreement with the predictions of the JO theory since the branching ratio of the 1 D 2 → 3 F 4 transition is about 0.62. Emission spectra of the samples, excited at 360 nm, are presented in Fig. 3 . Although the fluorescence intensities increase with Tm 3ϩ concentration, we note that the samples have different sizes and thus the signal intensities cannot be directly related to the Tm 3ϩ concentration. However, a linear dependence of the 450 nm emission intensity with Tm 3ϩ concentration was inferred. We emphasize that the present results corroborate the interpretation given in Ref. 21 for Tm 3ϩ -doped gallium lanthanum sulfide glasses where excited states of Tm 3ϩ with energy larger than the energy gap of the host glass, were shown to be strongly shielded. In other words, these results show that the overlap between the 4f wave functions and the extended Bloch waves of the glass is small. Analogous observations were reported for Tm 3ϩ -doped fluorophosphate glasses. 22 In another experiment, the samples were excited using a pulsed dye laser operating at Ϸ655 nm ͑in resonance with transition 3 H 6 → 3 F 2 ) and two fluorescence bands were observed as presented in Figs. 4͑a͒ and 4͑b͒ . To identify the mechanisms and energy pathways contributing for each emission, we investigated the dependence of the fluorescence intensity versus laser power. The results are given in Fig. 5 and the slopes of the straight lines indicate the number of absorbed laser photons for each emitted photon. The emission at Ϸ450 nm shown in Fig. 4͑a͒ is assigned to the 1 D 2 → 3 F 4 transition of the Tm 3ϩ ion. The quadratic dependence of the UC intensity as a function of the laser intensity indicates that a two-step one-photon absorption process ͑transition 3 H 6 → 3 F 2 followed by transition 3 F 2 → 1 D 2 ) originates the blue emission. The emission at Ϸ790 nm shown in Fig. 4͑b͒ is due to the 3 H 4 → 3 H 6 transition of the Tm 3ϩ ion and its excitation spectrum is presented in Fig. 6 . The strong band centered at Ϸ685 nm is due to the resonant excitation of transition 3 H 6 → 3 F 3 with subsequent nonradiative relaxation ͑NRR͒ to level 3 H 4 from where transition 3 H 4 → 3 H 6 occurs originating emission at Ϸ790 nm. The feature centered at Ϸ660 nm corresponds to the absorption to 3 F 2 state followed by NRR to 3 H 4 and emission at Ϸ790 nm. NRR by multiphonon relaxation ͑MP͒ from levels 3 F 2,3 to 3 H 4 is efficient because the energy gap is relatively small (Ϸ2000 cm Ϫ1 ), which corresponds to an energy smaller than the energy of three cutoff phonons of the glass matrix. concentration.
The lifetimes of 3 H 4 and 1 D 2 states were measured and compared with the predictions made using the JO theory. However, as shown in Table III , the measured lifetimes are different from the radiative lifetime. This indicates that nonradiative processes due to MP relaxation and/or energy transfer ͑ET͒ have to be considered. Accordingly, the excited state lifetime is described as () Ϫ1 ϭ( R ) Ϫ1 ϩW NR , were is the actual lifetime, R is the radiative lifetime calculated using the JO theory, and W NR is the nonradiative relaxation rate which includes MP relaxation and ET to neighbor RE ions. The difference between and R for the 3 H 4 level could be due to both nonradiative processes but applying the energygap law 19 we estimate for the 3 H 4 state a lifetime of Ϸ10 ms, which is about two orders of magnitude larger than the measured lifetime. This is a clear indication that MP relaxation is negligible and ET processes are playing an important role in the relaxation process for all samples. Moreover, the results in Table III 4 . ͑a͒ Upconverted emission of tellurite glasses excited at 655 nm ͑samples ET2, ET4, ET6, and ET8͒; ͑b͒ Stokes emission spectra of tellurite glasses for excitation at 655 nm ͑samples ET2, ET4, ET6, and ET8͒. Curves were displaced but were traced using the same arbitrary units. cation that ET processes are dominant can be obtained studying the temporal decay of the fluorescence signals. The measurements did not show a single exponential decay and exhibited a time behavior typical of ET assisted processes. 23 In the case of the 1 D 2 multiplet the measured lifetime is limited by the time resolution of the experimental system and a nonradiative relaxation rate, larger than 10 5 s Ϫ1 , can be estimated. Also in this case ET is expected to be the dominant relaxation process because the 4f wave functions are relatively shielded from interaction with the host matrix and the energy gap for the next Tm 3ϩ level below the 1 D 2 level is Ϸ6500 cm Ϫ1 . A possible explanation for the large ET rates is the formation of Tm 3ϩ clusters and an indication of this effect is obtained plotting W NR as a function of Tm 3ϩ concentration, as calculated from Table III . As shown in Fig. 7 , W NR presents a quadratic dependence with x, but a strong nonlinear reduction in W NR for x→0 indicates that the Tm 3ϩ ions are not homogeneously distributed.
IV. CONCLUSION
In summary, we reported on optical spectroscopic properties of Tm 3ϩ -doped tellurite glass. Physical parameters such as oscillator strengths, branching ratios between Tm 3ϩ multiplets, and radiative and nonradiative relaxation rates were determined. The frequency upconversion of red light to blue light was also investigated. The results herein presented for this glass composition will be useful to support its future application in photonic devices. However, the exploitation of this system for laser operation still requires a better control of the Tm 3ϩ clustering formation. 
